were measured down to 163 nm in aqueous solution using a synchrotron-radiation VUV-ECD spectrophotometer. Five methyl aldopyranosides exhibited characteristic ECD spectra depending on the gauche (G) and trans (T) conformations of the hydroxymethyl group at C-5 and the α-/β-anomer configurations of the methoxy group at C-1. To elucidate the contributions of these structures to the spectrum, the ECD spectra of three rotamers (GT, GG and TG) of methyl β-D-Glc, methyl α-D-Gal and methyl β-D-Gal were calculated using a time-dependent density functional theory and molecular dynamics simulations. These theoretical spectra were very similar to those observed experimentally, indicating that the GT and GG rotamers show negative and positive ECD around 170 nm, respectively, and that the α-and β-anomers exhibit negative and positive ECD around 160 nm, respectively. These spectral differences between the two rotamers and between the two anomers were attributable to changes in steric configurations, including the intramolecular hydrogen bond around the ring oxygen and the methoxy oxygen, respectively. These relationships were supported by the ECD spectra experimentally observed for methyl α-D-Xyl and methyl β-D-Xyl, demonstrating that the VUV-ECD spectroscopy is a powerful technique for characterizing the structures of saccharides in aqueous solution.
Introduction
Saccharides have various biological functions in a living body such as the energy storage (glycogen and starch), the constituents of plant and crustacean/arthropod exoskeletons (cellulose and chitin), the molecular recognition between proteins and cell membranes (mannose and sialic acid), and the protecting biomolecules against damage from cold and dry conditions (trehalose) [11, 16, 29, 30] . The solution structures of saccharides are important for understanding their properties and functions, but they are difficult targets for X-ray crystallography and NMR spectroscopy because saccharides exhibit complicated equilibrium structures in aqueous solution.
Vacuum-ultraviolet (VUV) electronic circular-dichroism (ECD) spectroscopy is a powerful technique for analyzing the structures of saccharides (especially unsubstituted saccharides) in aqueous solution [3, 8, 12] because they contain hydroxy groups and acetal bonds whose high-energy n-σ * transitions are detectable only in the VUV region below 190 nm [1, 4, 17, 22, 23] . The VUV-ECD spectra of various monosaccharides and their methylated derivatives (methyl aldopyranosides) have been measured down to ∼160 nm in aqueous solution and down to ∼140 nm in the solid state [1, 4, 17, 22, 23] . These VUV-ECD spectra are very sensitive to the gauche (G) and trans (T) conformations of the hydroxymethyl group at C-5, the α-and β-anomer configurations of the hydroxy group at C-1, and the axial and equatorial configurations of the hydroxy groups at C-2 and C-4. However, the pairwise relationships between these structures and the ECD of monosaccharides have not been distinctly solved because structural differences of a chromophore might affect not only its own electronic transitions but also those of the other chromophores.
We have recently measured the VUV-ECD spectrum of methyl α-D-glucopyranoside (methyl α-DGlc) in aqueous solution [18] using a synchrotron-radiation VUV-ECD spectrophotometer [19, 25] . The observed spectrum was close to that calculated theoretically with a time-dependent density functional theory (TDDFT) and molecular dynamics (MD) simulations [14, 31, 32] considering the structural fluctuations and hydration conditions of methyl α-D-Glc in water. These calculations suggested that the ECD spectra of the GT and GG rotamers should be negative and positive around 170 nm, respectively. The accumulation of further experimental and theoretical ECD spectra of monosaccharides could provide more advanced understanding of the complicated equilibrium structures of saccharides in aqueous solution.
In this study we measured the VUV-ECD spectra of methyl
, and theoretically calculated their spectra for comparison using the MD and TDDFT methods. These spectra were also compared with the experimentally observed spectra of methyl α-D-xylopyranoside (methyl α-D-Xyl), methyl β-D-xylopyranoside (methyl β-D-Xyl) and three polyols. The contributions of G and T conformations of the hydroxymethyl group and α and β configurations of the anomeric hydroxy group to the VUV-ECD spectrum are discussed in terms of the structural fluctuations and the intramolecular hydrogen bonds of these methyl aldopyranosides.
Materials and methods

Materials
, mannitol and arabitol of high purity (>98%) were purchased from Sigma-Aldrich (St. Louis, MO) and used without further purification. Five solutions of methyl aldopyranosides were freshly prepared by dissolving them in heavy water at a concentration of 10.0 (w/v%), and three polyols were dissolved in distilled water at a concentration of 20.0 (w/v%). The concentrations of these solutes were determined by a dryweight method. The obtained sample solutions were incubated at room temperature for a day before measuring their VUV-ECD spectra.
VUV-ECD measurements
The VUV-ECD spectra of five methyl aldopyranosides and three polyols were measured in the wavelength region from 210 to ∼163 nm at 25°C using a VUV-ECD spectrophotometer at Hiroshima Synchrotron Radiation Center. The details of the optical devices of this spectrophotometer are available elsewhere [19, 25] . The VUV-ECD spectra were measured using an assembled-type optical cell with CaF 2 windows [19] . The path length of the cell was adjusted with a Teflon spacer to 10 µm for the measurements down to 175 nm, and no spacer was used for the measurements below 175 nm to reduce the light absorption of the solvent. The spectra obtained without the spacer were calibrated by normalizing the ellipticities to the spectra measured using a 10-µm spacer in the overlapping wavelength region from 210 to 175 nm. Each spectrum was recorded with a 1.0-mm slit width, an 8-s time constant, an 8-nm/min scan speed, and using four accumulations. The molar ellipticity, [θ ], was calculated using the molecular weight of the solute. The ellipticity was reproducible within an error of ±5%, which was mainly attributable to noise and to inaccuracy in the path length of the optical cell.
Initial structures
The initial structures of GT rotamers of methyl β-D-Glc, methyl α-D-Gal and methyl β-D-Gal were obtained from their crystal structures [26] (Fig. 1) . The initial structures of the GG and TG rotamers of methyl β-D-Glc were constructed by exchanging the positions of the hydroxy group and the hydrogen atom at C-6 in the GT crystal structures (Fig. 1) . The initial structures of the GG and TG rotamers of methyl α-D-Gal and methyl β-D-Gal were obtained in the same manner.
MD simulations
MD simulations of methyl β-D-Glc, methyl α-D-Gal and methyl β-D-Gal in solution were carried out as described previously [18] . All initial structures of the GG, GT and TG rotamers were immersed in a periodic box (with approximate dimensions of 28 Å × 28 Å × 25 Å) with about 650 TIP3P water molecules in AMBER 11 software [5, 13] . Energy minimizations and simulations of each initial structure were performed under the AMBER/GLYCAM force field [15] as follows. Initial steepest-descent energy minimization (1000 cycles) was carried out on the system to relax any steric hindrances artificially produced by the initialization procedure. The energy minimization was carried out for 200 ps while increasing the temperature of the system from 0 to 298 K. After heating, the obtained system was simulated for 20 ns at 298 K and 1 atm using the Berendsen coupling algorithm [2] with τ = 1.0 ps. The particle-mesh Ewald method [7] was used to calculate the electrostatic interactions, with a cutoff of 8 Å for the direct-space sum. We also used a cutoff of 8 Å for the van der Waals interactions. The SHAKE algorithm with an integration time step of 1.0 fs [28] was applied to constrain all of the bonds involving hydrogen. The dihedral angle of O-5-C-5-C-6-O-6 switched among the GG, GT and TG conformations during the 20-ns simulations. Therefore, we slightly restricted the movements of the atoms (O-5, C-5, C-6, O-6) using "RESTRAINTMASK" keyword to enhance the barrier for the switching until the dihedral angle converged to any of the three conformations.
Calculation of ECD spectra
ECD is induced by the interaction between electric and magnetic dipole transition moments of chromophores and the electromagnetic field of a light wave. As for the relationship between the absorption and the dipole strength, ECD is related to the rotational strength, R, which is theoretically defined by [3, 9, 10] 
where R 0a is the rotational strength of the electric transition from the '0' to the 'a' state,μ andm are the electric and magnetic dipole moments, respectively, and Im{} indicates the imaginary part of a complex number. The rotational strength is expressed in cgs units (erg cm 3 ), which are conveniently transformed into Debye-Bohr magnetons (DBM) according to 1 DBM = 0.9273 × 10 −38 erg cm 3 = 0.9273 × 10 −51 J m 3 . The final ECD spectrum can be calculated using the following equations:
where [θ ] is the molar ellipticity, σ i is the energy of the ith transition and σ is the half bandwidth of a spectrum calculated assuming a Gaussian distribution. The rotational strength, R i , was calculated with a TDDFT method at the CAM-B3LYP/6-311++G * * level [27, 33] and with a polarized continuum model [20] to account for the effects of the solvent in the Gaussian 09 program. From the obtained rotational strength, ECD spectra were calculated using Eqs (2) and (3) with a σ value of 0.40 eV. All of the theoretical spectra were calculated in the energy scale and converted to the wavelength scale. Thirty excited states were considered for the TDDFT calculations. 
Results and discussion
VUV-ECD spectra of methyl aldopyranosides
The spectra were recorded with a 1.0-mm slit width, an 8-s time constant, an 8-nm/min scan speed, and using four accumulations.
small positive peak around 181 nm and a large positive intensity at 163 nm, which differed markedly from the spectrum of methyl α-D-Glc exhibiting a positive peak around 172 nm and a negative peak around 163 nm. Methyl α-D-Gal showed a small negative peak around 183 nm and a large negative intensity at 163 nm, which were reversed in the spectrum of methyl β-D-Glc. Methyl β-D-Gal exhibited a negative peak around 174 nm that differed markedly from the spectrum of methyl α-D-Gal. Methyl α-D-Xyl and methyl β-D-Xyl showed a small negative and a positive peak around 175 nm, respectively, inverting their ECD signs below about 167 nm ( Fig. 2(b) ). These differences in spectra indicate that the VUV-ECD is very sensitive to the configurations of hydroxy groups at C-1 and C-4. These spectra for methyl aldopyranosides in heavy water were very close to those measured in water by Nelson and Johnson [23] . On the other hand, the spectra in film measured by Arndt and Stevens [1] differed markedly from those measured in water or heavy water, although the inversion of the spectra between methyl β-D-Glc and methyl α-D-Gal was conserved in film. These spectral differences would probably be due to differences in the populations of the GG, GT and TG rotamers [4, 17, 22, 23] and/or differences in the electronic states of chromophores in the solution and solid states. These results mean that the solvent water must be considered when calculating the structures and VUV-ECD spectra of aldopyranosides in solution.
MD simulations of methyl aldopyranosides in a water bath
The structures of rotamers of methyl β-D-Glc, methyl α-D-Gal and methyl β-D-Gal were simulated in a water bath for 20 ns using AMBER 11. The dihedral angles of O-5-C-5-C-6-O-6 (60°for GT, −60°for GG and 180°for TG) were slightly restricted by the "RESTRAINTMASK" command [6, 18] . The molecular parameters of the simulated GT, GG and TG rotamers of each methyl aldopyranoside are listed in Table 1 . The bond lengths and bond angles of these three rotamers are almost invariant in the simulated structures of the three methyl aldopyranosides, but the dihedral angles differ markedly Table 1 Bond lengths, bond angles and dihedral angles of the simulated structures of the GT, GG and TG rotamers The fluctuations of these groups should affect the ECD spectra of aldopyranosides in solution, as we discussed previously [18] . Figure 3 shows the average ECD spectra calculated using the TDDFT method at the CAM-B3LYP/6-311++G * * level for the 40 simulated structures of the GT, GG and TG rotamers of methyl β-D-Glc, methyl α-D-Gal and methyl β-D-Gal. The hydrated water molecules around methyl aldopyranosides were ignored in these calculations. Figure 3 also includes the theoretical ECD spectra for these three methyl aldopyranosides, which were estimated by a linear combination of the GT, GG and TG spectra based on their population ratios (GT : GG : TG = 47 : 50 : 3 in methyl β-D-Glc, 21 : 61 : 18 in methyl α-D-Gal and 22 : 55 : 23 in methyl β-D-Gal) [24] .
ECD spectra of simulated structures of methyl aldopyranosides
The GT rotamer in methyl β-D-Glc (Fig. 3(a) ) exhibited a negative peak around 173 nm and a positive peak around 160 nm, while the GG spectrum showed two successive positive peaks around 170 and 160 nm. The TG spectrum was similar to the GT spectrum except for a large difference in intensity below 160 nm. The differences in spectra among the rotamers demonstrate that ECD spectra are greatly affected by the conformations of the hydroxymethyl group at C-5 in methyl β-D-Glc. The three rotamers of methyl α-D-Gal commonly exhibited a negative peak around 170 nm, although the intensity around 170 nm was small for the GG spectrum compared to the other two rotamers (Fig. 3(b) ). Similar spectra were also observed for three rotamers of methyl β-D-Gal (Fig. 3(c) ), but the peaks around 170 nm for these rotamers were slightly red-shifted (by 2 or 3 nm) compared to those of the corresponding rotamers of methyl α-D-Gal.
The theoretically calculated spectrum of methyl β-D-Glc showed a positive peak around 160 nm accompanied by a small positive shoulder around 180 nm, as shown in Fig. 3(d) . This theoretical spectrum resembles the experimental one: the shoulder around 180 nm is observed as a small positive peak around 181 nm, and the positive peak around 160 nm is expected to be observed below 163 nm. The theoretical spectrum of methyl α-D-Gal showed a negative peak around 170 nm (Fig. 3(e) ), which differs markedly from the experimental one. On the other hand, the theoretical spectrum of methyl β-D-Gal reproduced the negative peak around 172 nm, although with a considerably different intensity (Fig. 3(f) ). The negative peak around 172 nm for methyl β-D-Gal was slightly blue-shifted to 170 nm for methyl α-D-Gal in the theoretical calculation, whereas experiment suggests a large blue shift to a wavelength below 163 nm, which was the lower limit of the ECD measurements in this study. Although there are some limitations in the theoretical calculations, these results indicate that the conformations of methyl aldopyranosides obtained by MD simulations are suitable for calculating their ECD spectra, allowing the assignment of spectra obtained in TDDFT calculations of the molecular orbitals and rotational strengths. 
Assignments of VUV-ECD spectra of methyl aldopyranosides
The VUV-ECD spectra of methyl aldopyranosides were assigned based on the molecular orbitals and rotational strengths of the electronic transitions of hydroxy group, ring oxygen and methoxy oxygen, which were calculated using the TDDFT method at the CAM-B3LYP/6-311++G * * level. The ECD in the wavelength region of 180-170 nm was mainly assigned to the n-σ * transitions from the lone-pair orbital (n-orbital) to the σ * -orbital of ring oxygen and methoxy oxygen, with only small contributions from hydroxy groups. The effects of these chromophores extended to the wavelength region below 170 nm. These assignments were essentially consistent with the results of Nelson and Johnson [23] , Bertucci et al. [4] , and our previous study of methyl α-D-Glc [18] . On the other hand, it is difficult to estimate the effects of hydroxy groups on the VUV-ECD spectra because the configuration of a hydroxy group might be affected not only by its own electronic transitions but also by those of ring oxygen and other oxygen atoms. Therefore, to determine the intrinsic effects of hydroxy groups on the VUV-ECD spectrum, we measured the VUV-ECD spectra of three polyols (sorbitol, mannitol and arabitol) that contain the hydroxy group only as a chromophore. As shown in Fig. 4 , all of these polyols exhibited a very small positive peak around 195 nm and a large negative ECD around 170 nm, suggesting that the hydroxy groups contribute to ECD spectra only slightly around 195 nm but markedly around 170 nm. The hydroxy groups would therefore contribute to the ECD spectra of methyl aldopyranosides as described above.
Contributions of rotamers and anomers to ECD spectra
We recently reported that the theoretical GT and GG spectra of methyl α-D-Glc exhibit negative and positive ECD around 170 nm [18] , respectively. As shown in Fig. 3(a) , the GT and GG spectra of methyl β-D-Glc also exhibited negative and positive ECD around 170 nm. Further, all rotamers of methyl α-DGal (Fig. 3(b) ) and methyl β-D-Gal (Fig. 3(c) ) showed negative ECD around 170 nm, with the intensity being smaller for the GG rotamer than for the GT rotamer, implying that the GG conformation induces a positive ECD opposite to the GT rotamer in methyl α-D-Gal and methyl β-D-Gal. These results confirm that the GT and GG conformations cause negative and positive ECD around 170 nm, respectively, in all of the methyl aldopyranosides studied. The intensities of the ECD spectra of methyl α-and β-D-Xyl with no hydroxymethyl group at C-5 were greatly reduced around 170 nm (Fig. 2(b) ), which also represents evidence of the contributions of the rotamers in this wavelength region.
The experimental spectra of methyl α-D-Glc and methyl β-D-Glc showed negative and positive ECD around 163 nm, respectively (Fig. 2) . Further, methyl α-D-Gal and methyl β-D-Gal exhibited negative ECD around 163 nm, with the intensity being smaller for the latter. These results suggest that the α-and β-anomers contribute negatively and positively to the ECD around 160 nm, respectively. This prediction is supported by the finding that methyl α-D-Xyl and methyl β-D-Xyl have negative and positive ECD around 163 nm, respectively (Fig. 2(b) ).
Structural differences among GT, GG and TG rotamers
As described above, the theoretically calculated spectra of GT, GG and TG rotamers exhibited characteristic ECD in each methyl aldopyranoside (Fig. 3) . The differences in the spectra among the GT, GG and TG rotamers would be mainly induced by changes in the molecular orbitals and rotational strengths of the ring oxygen (O-5) (see Section 3.4), which depend on the dihedral angle of the hydroxymethyl group of O-5-C-5-C-6-O-6 (+60°, −60°or 180°). To reveal the steric configuration between the hydroxymethyl group and the ring oxygen, the dihedral angle of HO-6-O-6-C-6-C-5 was plotted versus the distance between HO-6 and O-5 atoms in the GT, GG and TG rotamers of the three methyl aldopyranosides, as shown in Fig. 5 . In all of the methyl aldopyranosides, the dihedral angles of HO-6-O-6-C-6-C-5 were around −50°and 50°for the GT and GG rotamers, respectively, within the interatomic distance of 2.4 Å, where the hydrogen atom (HO-6) could form a hydrogen bond to the ring oxygen (O-5) in both rotamers [18, 21, 32] . This hydrogen bond was retained for 10-13 ns of the total simulation time (20 ns) . On the other hand, the TG rotamers of the three methyl aldopyranosides showed no converged dihedral angle within the interatomic distance of 2.4 Å, meaning that no hydrogen bond can be formed between HO-6 and O-5 atoms in those rotamers (Fig. 5) .
To (Fig. 6(a) ), and to about −150°within the distance of 2.4 Å between O-6 and HO-4 atoms (Fig. 6(b) (Fig. 6(a) ), and to about 150°within the distance of 2.4 Å between O-6 and HO-4 atoms (Fig. 6(b) ), indicating that two types of hydrogen bonds (O-4-HO-6 and O-6-HO-4) can be formed. Either of these two hydrogen bonds was maintained for about 18 ns (5 ns for O-4-HO-6 and 13 ns for O-6-HO-4). These localizations of the dihedral angle of HO-4-O-4-C-4-C-3 were not obtained in the GT and GG rotamers of methyl β-D-Glc, or in the GT and TG rotamers of methyl α-D-Gal and methyl β-D-Gal.
Based on these results, we speculated the steric configurations around the ring oxygen of the GT, GG and TG rotamers in the three methyl aldopyranosides, as shown in Fig. 7 . In methyl β-D-Glc (Fig. 7(a) ), the GT and GG rotamers form a hydrogen bond with different geometries between O-5 and HO-6 atoms. On the other hand, the TG rotamer forms two types of hydrogen bonds: O-6-HO-4 and O-4-HO-6. These configurations were basically the same as those speculated for methyl α-D-Glc [18] . The GT and GG rotamers of methyl α-and β-D-Gal keep a hydrogen bond between O-5 and HO-6 atoms, and further the GG rotamer exhibits an additional two types of hydrogen bonds between O-6 and HO-4 and between O-4 and HO-6 atoms ( Fig. 7(b) ). The hydroxymethyl group of TG rotamer in methyl α-and β-D-Gal has no hydrogen bond with either of O-5 or the hydroxy group at C-4. The steric configurations involving the hydroxy groups at C-2 and C-3, the methoxy group at C-1, and the sugar ring were similar among the GT, GG and TG rotamers in all of the methyl aldopyranosides (data not shown). Therefore, the different ECD spectra among these three rotamers at a given anomeric form could be dominantly ascribed to the steric configurations including the hydrogen bonds around the C-5 hydroxymethyl group, the ring oxygen, and the C-4 hydroxy group.
Structural differences between α-and β-anomers
The theoretically calculated spectra of methyl aldopyranosides also exhibited the characteristic ECD dependence on the α-and β-anomers. These spectral characteristics of two anomers would be mainly induced by changes in the molecular orbitals and rotational strengths of O-1 methoxy oxygen (see Section 3.4). To clarify the structural differences between α-and β-anomers, the dihedral angles of the hydroxy group of HO-2-O-2-C-2-C-1 were plotted versus the distance between HO-2 and O-1 atoms for three rotamers of methyl α-D-Gal and methyl β-D-Gal, as shown in Fig. 8 . It is evident from the figure that the dihedral angles of HO-2-O-2-C-2-C-2 in all three rotamers were around −50°for the α-anomer and around 50°for the β-anomer, within the interatomic distance of 2.4 Å, where the hydrogen atom (HO-2) could form a hydrogen bond with the methoxy oxygen (O-1). The retention time of this hydrogen bond was about 8 ns of the total simulation time (20 ns) in the α-anomer, while it was only 1-2 ns in the β-anomer. These different localizations in the dihedral angle of HO-2-O-2-C-2-C-2 were also observed in methyl α-D-Glc and methyl β-D-Glc.
Based on the above-described results, we speculate that the steric configurations around the methoxy oxygen of methyl aldopyranosides are as shown in Fig. 9 . The α-and β-anomers should form a hydrogen bond between the O-1 and HO-2 atoms in the symmetrical configurations, although the hydrogen bond would be considerably more unstable in the β-anomer than in the α-anomer. The steric configurations involving the hydroxy groups at C-6, C-4 and C-3, and the sugar ring were similar between methyl α-and β-D-Glc or between methyl α-and β-D-Gal at a given rotamer conformation (data not shown), and so the difference between the ECD spectra for the α-and β-anomers in methyl aldopyranosides would be mainly due to the difference in the configurations including the hydrogen bonds related to the C-2 hydroxy group and the C-1 methoxy group. 
Conclusions
It is difficult to determine the steric structures of saccharides using X-ray and NMR spectroscopy. However, in the present study, VUV-ECD spectroscopy combined with TDDFT and MD methods revealed some pairwise relationships between the steric configurations and ECD spectra of monosaccharides, demonstrating that this spectroscopy is a useful tool for determining the complicated equilibrium structures of saccharides in aqueous solution, although there are some limitations. Further advanced VUV-ECD spectroscopy coupled with theoretical calculations could be practicable for analyzing the structural changes in saccharides induced by interactions with biomolecules such as proteins and cell membranes, and would open new fields in the molecular sciences of glycoconjugates.
